ABSTRACT In this paper, a tapered slot antenna (TSA) for indoor wireless positioning at 2D coordinates is proposed. Three square slots and a semi-circular structure are added to the radiation element and the tapered aperture edge to obtain a high gain. The typical performance of the proposed antenna is analyzed by the voltage standing wave ratio (VSWR), the radiation pattern, and the realized gain. In order to verify the practicality of the indoor wireless positioning system at 2D coordinates, the fabricated TSA was connected to an NVA-R661 module developed by Xethru Inc. The impedance bandwidth result of the fabricated TSA has a wide bandwidth of 7.5 GHz by satisfying a VSWR ≤ 2 in a band of 4.5-12.0 GHz. Therefore, the radiation pattern indicated good directional characteristics, the maximum gain obtained is 8.92 dBi in the 9-GHz band. Finally, the target detection results of the indoor positioning system showed a minimum error of 3.27 cm and a maximum error of 16.33 cm, and thereby confirming the possibility of its use.
I. INTRODUCTION
Recently, interest in Internet of Things (IoT) technologies has been received considerable attention owing to the fourth industrial revolution [1] , [2] . Herein, we aim to apply indoor wireless positioning technology to IoT technology. The indoor wireless positioning technology of the IR-UWB radar has the advantage of penetration through building materials in comparison with other technologies, making it possible to accurately detect target positions even with various obstacles [3] .
To implement such a high accuracy indoor wireless positioning technology, an antenna with superior directivity and high gain is designed. The antennas used in the indoor wireless positioning of IR-UWB radar have been introduced in several publications, and these include the monopole [4] , [5] , tapered slot (TSA) [6] , Yagi-type [7] , and vivaldi antenna [8] , [9] . These antennas have performed a general analysis required for systems, such as the voltage
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We performed a general analysis of the antenna, and the proposed antenna is used to verify the validity of an indoor wireless positioning by using the NVA-R661 module (Xethru Co.) as an IR-UWB radar system [10] . Furthermore, it is implemented in a two-dimensional (2D) area by using two radar systems in order to detect the precise location of the object. The VSWR is measured using a network analyser (N5230A, Agilent Co.) to analyse the impedance bandwidth of an antenna; the radiation pattern and the realized gain are analysed in an anechoic chamber (Korea Daejeon Techno Park Co.). Signal processing for the indoor wireless positioning technology consists of a raw data collection step, a clutter reduction step, a signal attenuation compensation step, and a detection step [11] , [12] . The fabricated antenna is compared with similar antennas for UWB systems; this comparison is shown in Table 1 . The fabricated antenna has a more compact size and a higher gain compared with the other antennas. An improvement of the antenna gain is able to enhance the resolution of the indoor wireless positioning system. The received power reflected from a target is proportional to the transmitted/received gain of the antenna and if the gain is higher, it has the performance of excellent resolution on the system [13] .
This paper is organized as follows. In Section 2, the design and measurement analysis of the fabricated antenna is described. In Section 3, the performance of the 2D wireless positioning technology is verified by applying the antenna to the NVA-R661 module, and in Section 4, the conclusions are drawn.
II. DESIGN AND ANALYSIS OF ANTENNA
The design of the proposed antenna is based on a conventional TSA, and the configuration of the antenna is shown in Fig. 1 . To increase the gain, three square slots and a semi-circular structure is added to the radiation element and the tapered aperture edge of the conventional TSA. The proposed TSA is of a compact size with dimensions of 82 × 55 mm 2 . It is fabricated on TRF-45 substrate, which has a dielectric constant of 4.5, a loss tangent of 0.0035, and a thickness of 1.62 mm [14] .
The parameter L t describes the directivity characteristic and can be defined by
where, the parameter L t is the length of the tapered aperture [12] . As L t increases, the directivity improves; however, the size of the antenna increases. The increase in the size of the antenna causes problems in small indoor radar technologies. In this study, three square slots are inserted in the radiation element of the antenna. The electrical length is increased by increasing the area of the three slots; this can overcome the antenna size problem. Therefore, the overall directivity of the antenna is improved. The radiation element of the proposed TSA is placed on the front layer, and a feed microstrip line (MSL) for 50 impedance matching is placed on the back layer. In order to increase the gain, three square slots (W s , L s ) and a semi-circular structure (L r ) are added to the basic structure of the TSA. The tapered aperture parameter is W t , and the current flows along this tapered aperture structure. The proposed TSA is designed and simulated using HFSS [15] , and the design parameters are as follows: 
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In order to realize a traveling wave of end-fire for the proposed TSA, the simulated surface current distribution at 5, 7, and 9 GHz are shown in Fig. 3 . As shown in Fig. 3 , the current moves along the microstrip tapered structure and radiates from the tapered aperture edge. Furthermore, as the frequency increases, it can be confirmed that the magnitude of the current decreases.
The simulated gain results of the three TSA configurations are shown in Fig. 4 and Table 2 . The simulation gain results in Fig. 4 and Table 2 show that the realized gain for the conventional TSA is 6.30 dBi at 5 GHz, 7.38 dBi at 6 GHz, 5.92 dBi at 7 GHz, 7.74 dBi at 8 GHz, and 8.34 dBi at 9 GHz. The realized gain for the TSA with the three square slots is 6.95 dBi at 5 GHz, 8 .54 dBi at 6 GHz, 7.09 dBi at 7 GHz, 7.61 dBi at 8 GHz, and 8.80 dBi at 9 GHz. Furthermore, the realized gain for the proposed TSA with the three square slots and semi-circular structure is 7.06 dBi at 5 GHz, 8 .55 dBi at 6 GHz, 7.49 dBi at 7 GHz, 8.40 dBi at 8 GHz, and 9.52 dBi at 9 GHz.
B. MEASUREMENT AND ANALYSIS OF TSA
To measure the impedance bandwidth, the fabricated TSA is measured using a vector network analyzer (N5230A, Agilent Co.), and the results are shown in Fig. 5 . The impedance bandwidth simulation results in Fig. 5 show that the TSA is satisfied by VSWR ≤ 2 at 3.6-11.5 GHz, and the bandwidth result is 7.9 GHz. Furthermore, the impedance bandwidth measurement result is satisfied by VSWR ≤ 2 at 4.5-12.0 GHz, and the bandwidth result is 7.5 GHz.
To measure the radiation pattern, the proposed TSA is measured using a far-field analysis system in an anechoic chamber room developed by Korea Daejeon Techno Park Co. The simulation and measurement radiation pattern results of the fabricated TSA are analysed in the E-plane (YZ-plane) and H-plane (XZ-plane), as shown in Fig. 6 and Fig. 7 .
The directivity radiation characteristic obtained through the simulation and measurement radiation pattern results in Fig. 7 indicates that the major lobe is concentrated at the z-axis. The minor lobes except for the major lobe is formed at less than 0 dBi or near 0 dBi. Therefore, the energy dispersion due to the back lobes at systems will be minimized.
The simulation and measurement 3 dB beamwidth results of the proposed TSA is listed in Table 3 .
In the 3 dB beamwidth simulation results shown in Table 3 , the radiation patterns of the E-plane and H-plane are 54 • and 110 • at 5 GHz, 54 • and 75 • at 7 GHz, and 32 • and 51 • at 9 GHz, respectively.
Furthermore, the measurement results in Table 3 show that the radiation patterns of the E-plane and H-plane are 50 • and 99 • at 5 GHz, 43 • and 60 • at 7 GHz, and 32 • and 44 • at 9 GHz, respectively. The measurement gain results of the fabricated TSA are shown in Fig. 8 and Table 4 .
The measurement results in Fig. 8 and Table 4 show that the gain of the fabricated TSA is 6.76 dBi at 5 GHz, 7.50 dBi at 6 GHz, 7.38 dBi at 7 GHz, 7.59 dBi at 8 GHz, and 8.92 dBi at 9 GHz.
III. MEASUREMENT AND ANALYSIS FOR INDOOR WIRELESS POSITIONING AT 2D COORDINATES
To detect the location information of a target, the configuration of the proposed IR-UWB radar system with 2D coordinates is as shown in Fig. 9 .
As shown in Fig. 9 , configuring the proposed IR-UWB radar system consists of four steps. In the first step, to detect a target location, the proposed tapered slot antenna has a high gain. In the second step, to verify the performance of the proposed TSA for indoor wireless positioning, it is connected to an NVA-R661 module. In the third step, through a signal processing algorithm, the location information of a target with 2D coordinates is analysed. Finally, in the fourth step, the location coordinates of the target are determined by using the time of arrival (ToA) of the reflected target signal.
The experimental environment and the configuration of the IR-UWB radar system is shown in Fig. 10 .
As shown in Fig. 10 , the IR-UWB radar system is connected to an SMA connector between the proposed TSA and the NVA-R661 module. The IR-UWB radar module is located to both sides, and it is measures the target location's 2D coordinates.
The indoor wireless positioning configuration at 2D coordinates is shown in Fig. 11 .
In order to detect the target location at 2D coordinates, at least two distance values are required. where, X and Y are the coordinate values of a target location. X i and Y i are the location of the IR-UWB radar system at the X and Y axis, respectively [16] . i is the number of the IR-UWB radar system. D i is distance of a target from the IR-UWB radar system. As shown in Fig. 11 , this distance forms a circle with the radius being the distance from the radar location to the target location. Therefore, the distance information of the target is estimated through the intersection point of the circles created by the two IR-UWB radar systems. NVA-R661 module is generated the Gaussian pulse which has eleven numbers. Each pulse has a bandwidth of approximately 1 to 2 GHz, and the overall bandwidth is 6 to 10.2 GHz. The Gaussian pulse generated in a NVA-R661 module is shown in Fig. 12 .
As shown in Fig. 12 , the Gaussian pulse is indicated to be a short pulse of nanoseconds, and it has a centre frequency in the 6.8 GHz band. Therefore, the impedance bandwidth of the proposed antenna sufficiently covers the bandwidth of Gaussian pulse generated by an NVA-R661 module [17] .
The indoor wireless positioning process of a target through an NVA-R661 module is shown in Fig. 13 .
As shown in Fig. 13 , the sample consists of the 512 samplers, and the distance value between each of the samples is given by
where, c is the radio wave speed in air, and the time delay between each samples is set up to 27 ps. The resolution of the observed distance is calculated at about 4 mm. Therefore, the distance that can be measured with 512 samples is about 2 m, and it adjusts the samplers to measure a distance over 2 m [16] , [18] .
A. SIGNAL PROCESSING SETUP OF RADAR
To detect the target of indoor wireless positioning, a signal processing setup is proposed in the order of a clutter reduction step, a signal attenuation compensation step, and a detection step. The signal processing configuration is shown in Fig. 14 . The signal reflected from the target is received together with the clutter signal, target signal, and noise; the signal is given by
where R(t) is the raw data signal received, of which R t (t) is the target signal, R c (t) is the clutter signal, and N is noise. The n signal received from the radar system can be indicated by the matrix R(t) with R(t) = [r 1 , r 2 , . . . , r n ] t . To remove the clutter signal, the received signal is decomposed using the singular value decomposition (SVD) algorithm.
where U is an orthogonal matrix of m × m, S is a diagonal matrix of m × n, and V is an orthogonal matrix of n × n. The R j (t) value obtained by the above equation is used to generate R j using ''low rank approximation.''
The clutter signal R c (t) is obtained using Equation (7), where v i and α i are the i th eigenvector of the left and right, and δ i indicates the i th singular value. Therefore, the target signal R T is given by
The raw data of the signal received consists of the clutter signal and noise [19] - [21] . In the clutter reduction step shown in Fig. 14 (b) , the clutter signal is an indoor wall or column, and the clutter signal does not change with time. However, the signals whose motion is detected with time are classified as target signals. The clutter signal is removed through the SVD algorithm. When the distance of the target increases, the signal intensity becomes weak. In the signal attenuation compensation step shown in Fig. 14 (c) , the received signal frames are divided at regular intervals, and then they are multiplied and assigned differential weights according to the distance of each block. Finally, in the detection step shown in Fig. 14 (d) , the similarity between the received signal and the transmitted signal is analysed and the most similar point is estimated as the position of the target [22] , [23] . The detection step is analysed using the clean algorithm.
B. ANALYSIS OF THE INDOOR WIRELESS POSITIONING AT 2D COORDINATES
To verify the practicality of the indoor wireless positioning system at 2D coordinates, the fabricated TSA is connected to the NVA-R661 module, and the experimental procedure is conducted in a 4 × 4 m 2 indoor site. The detection results of each radar system are shown in Fig. 15 . As shown in Fig. 15 , the fabricated TSA accurately measures the distance information of a target within 1 m to 4 m. However, each single radar system detects only the distance information. The result for the positioning technology at 2D coordinates is shown in Fig. 16 . As shown in Fig. 16 , a target is located at an initial position (1, 1), and it finally arrives at position (1, 3) via position (3, 2) . Therefore, the results of the fabricated TSA showed a minimum error of 3.27 cm and a maximum error of 16.33 cm, confirming the possibility of using the 2D wireless positioning technology.
IV. CONCLUSION
A fabricated TSA was proposed for an indoor wireless position system with 2D coordinates. In order to increase the gain within the proposed impedance bandwidth, three squared slots and a semi-circular structure are added the radiation element and the tapered aperture edge of a conventional TSA. Furthermore, to verify the practicality of the indoor wireless positioning at 2D coordinates, the fabricated TSA is connected to an NVA-R661 module.
The fabricated TSA has indicated an impedance bandwidth of 7.5 GHz by satisfying a VSWR ≤ 2 in the 4.5-12.0 GHz band. The realized measured gain of an antenna is 7.06 dBi at 5 GHz, 8 .55 dBi at 6 GHz, 7.49 dBi at 7 GHz, 8.40 dBi at 8 GHz, and 8.92 dBi at 9 GHz band; the radiation pattern measured indicated good directional characteristics. Finally, the experimental environment of an indoor wireless positioning system was set up in a 4 × 4 m 2 area indoors. The results of the wireless positioning showed a minimum error of 3 cm and a maximum error of 16 cm, confirming the possibility of using the 2D wireless positioning technology. 
